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ABSTRACT 


Wilson, Robert Roland (M.S., Physics) 
An Investigation of the Low Excited States of Onan 


Thesis directed by Associate Professor Jack J. Kraushaar. 


tae low excited state of ae have been investigated 
by studying the decay of sta with 3 NaI(Tl) crystals (1 
large, 2 small) as singles and in coincidence gating a 
200-channel pulse height analyzer. The results of a con- 
current study of ata decay with the University of Colorado 
(ri double-focusing beta-ray spectrometer are also pre- 
sented. The energies given are those of the beta-ray spec- 
trometer studies, and the intensities given are those of 
the weighted average of the results of both spectrometers. 
The gamma-ray energies and intensities reported were (all 
Mew) 1433 so0n80eg (1007). 1332 4 1 (5.870) 5 245.6 eee 
Moly 12a | C8) 935.0 + 0548/12) 8a eee 
(2.37.), 743.8 = 0.3 (84.02),345.74 + 0.08 (0.9%), annthitae 
tion quanta (65.5%). Weak transitions seen were: 2650 + 30 
(02087), 1463 + 2 (0.37), 1180 + 20 (1.4%), 10/70 e200 ee 
Ot eOO mt 247.) 

New decay schemes for Mimic and Ngee were proposed. 
Bie .enerey spin and. parley or the exerted Wevelcuen Ge - 
weve ecivem as (all Mey). 3,632 (57,6")>. 3-800 0C sa 
Ct) 3614 5 Ot) S480 RG) Sol Clo) ercrrile: 
(675) 92 7965 (231) 23/6 4a) 2.645 (0m eee Oo ee 
elle le 5 en tne 

Of interest is the 5 newly proposed excited levels of 


highest energy, the 9 newly reported gamma rays, the inten- 


Sity differences of the 3 main transition gamma rays from 





those previously reported, the support given to the assign- 
ment of spin and parity by D. M. Van Patter to the triplet 
between 3.112 and 2.369 Mev.,and the assignment to the 3.161 
Mev level as the first odd parity state. 


This abstract of about 250 words is approved as to form 


and content. I recommend its publication. 


Signed 


Instructor in charge of dissertatren 





ACKNOWLEDGEMENTS 


It is a pleasure for the author to be able to express 
his gratitude to Prof. J. J. Kraushaar for suggesting the 
problem discussed in this paper, and for his continued 
Support and guidance throughout the experiment. 

To Prof. A. A. Bartlett, designer and builder of the 
beta-ray Spectrometer, and Robert A. Ristinen, his co- 
worker, the entire credit is due for the precise energy 
values listed herein, and the author takes this opportunity 
to thank them both for their long hours of data taking. 

Roger H. Berger assisted throughout the investigation 
by taking data, reducing this data by tedious means, and 
maintaining the scintillation spectrometer. Without his 
help the job could not have been done on schedule and the 
author is very grateful for his cheerful assistance. 

The author is also indebted to the Atomic Energy 
Commission for the financial support for this research, to 
the Physics Department which furnished much equipment, and 
to the Nuclear Physics Laboratory Staff for the technical 


assistance given. 





TABLE OF CONTENTS 


List of Figures 


Piston lables 


Chapter l. 
ineroduck ten. 
Chapter 2. 
A History of the Ge Isotope. 
Cmapter 3. 
Experimental Method. 
3.1. scintillation @peckeroscop,. 
S62 Source Preparation. 
O03 Multichannel Pulse Height Analyzer. 
3.4. Singles Method. 
3.5. Variables in Scintillation 
spectroscopy. 
3.6. Coincidence Method. 
Chapter 4. 
Technique of Data Analysis and Error Analysis. 
4.1. Singles Analysis. 
4yZ. ‘Coincidence Analysise 
4.3. Error Analysis. 
Chapter 5. 
Experimental Results and Level Scheme Assignment. 
5.1. Single Crystal Gamma-Ray Spectrometer. 
5.2. Double Crystal Coincidence 


SpECELOnetar 
Revised Decay Scheme of Wine 
Comparison of Results of this Paper. 


Log ft Values for the Revised 
Decay Scheme. 


Page 


is 
15 
16 
18 


a). 
22 


32 
36 
38 


40 


42 
45 
48 


50 


, Lo Ll ee 





Chapter 6. 
Discussion of Results. 
De 
6.1. Branchine Ratios sor iin Decay. 
G62e22> ThevResukece opeiausmampet na lie 
Compared to Those of 


Mazari et al. 


6.3. Wilhe Resulleseor vatonme eal and 
Mn22™. 


6.4. Proposed Decay Scheme of Mineo 


cue Wee = cr?? Beta Decay. 
6.60. Theoretical Ports ofelmterese. 


Appendix A. 


Construction of Sinteinsie@errrerceney cCunves 
for Nal(Tl) Crystals. 


Appendix B. 
Variation in Shape of a Gamma Ray as a 
Function of Analyzer Gain or Channel 
Number. 


Appendix C. 


Variation in Shape of a Gamma Ray when it is 
the Sum of Two Other Gamma Rays. 


Appendix D. 


Calibration Procedure for the Model 302 
Universal Coincidence Circuit. 


Figures 1 through 16. 


Page 


35 


55 


58 
Bie, 
60 


61 


D-1 








Tee 


IRAE 


sli 


Woks 


Vel. 


IGT ie 


1p. & 


I: 


XIL. 


li 


LIST OF TABLES 


History of era 


Particle Reactions of ee 


Sample Data for the Calculatimof Relative 
Intensities for (3-3/4" x 3") Nal(T1l) 
Crystal at 14 cm. 


Intensities of Gamma Rays in Large Crystal 
Singles, and Intensities of Gamma Rays 
Coincident with the 0.935-and 0.744 Mev 
Gamma Rays. 


Intensities of Gamma Rays Coincident with 
the 1.43 Mev Gamma Ray. 


Gamma Ray Intensities in Decay of fae 


Energy Levels of Coo 


Comparison of Energy Values of the Main 
Transition Gamma Rays of Cr 2. 


= ee, 


Branching Ratios of mine toa 


Energy Levels of Gee 


Log ft Values for wee 


from Hausman et al. 


Calculation of Levels Given by Mazari et al. 


52ut eee 


Log ft Values for Mn Cr 


Photoelectric peak anced berealmatear 


Relative intensities of selected gamma rays. 


Relative intrinsic efficiencies of known 
gamma rays for a (3-3/4" x 3") Nal(T1) 
crystal. 


Relative intrinsic efficiencies of known 
gamma rays for a (2" x 2") Nal(Tl) crystal. 


Page 


10 


33 


41 


43 
4/7 


48 


49 
51 
53 
56 
a7 


a 





EO: 
iba ae 
Lae 
i. 


14. 
aoe 


IG: 


wn FF Ww NH 


List of Figures 


Decay Scheme of ae as Previously Reported. 

Mn? Gamma-Ray Spectrum Singles. 

Singles Geometry and Circuit. 

Faseé-Sillow Coincidence Cagecart, 

Mn?” Gamma-Ray Spectrum Coincident with the 1.43 Mev 
Gamma Ray. 

whe Gamma-Ray Spectrum Coincident with the 1.33 Mev 
Gamma Ray. 

Fast Coincidence Circuit. 

Mn? Gamma-Ray Spectrum Coincident with the 0.935 Mev 
Gamma Ray. 

ae Gamma-Ray Spectrum Coincident with the 0.744 Mev 
Gamma Ray. 

Revised Decay Scheme of hnees 

Intrinsic Efficiency of a (3-3/4 x 3") NaI(Tl) Crystal. 
Intrinsic Efficiency of a (2 x 2") NaI(Tl) Crystal. 
Variation of Gamma-Ray Shape as a Function of Channel 
Number. 

Sum-Peak Shape Versus a Normal Gamma-Ray Shape. 

Model 302 Universal Coincidence Discriminator 
Calibration Curve. 


Proposed Decay Scheme for wae 





CHAPTER 1 


INTRODUCTION 


One of the broad classes into which nuclei have been 
divided for ease of systematic analysis is that of even- 
even nuclei. An area which has not received a great deal 
of attention is the 40 < A < 92 region, and contained there- 
in is the interesting group of nuclei with 40 < A < 56 
which have particles outside of a closed shell in the 
£59 state. This particular area has ‘ais the ere 
of calculations by Lawson and Uretsky, by Raz, by Kelly 
and Moaakonalel” by Shakin and Reoranin and by Kisslinger 
and Sorensen.” Necessary adjuncts to any such calculations 
are appropriate experimental data to compare with these 
theories. 

The present experiment on Gene is a continuation of 


the study of nuclei in the f_,,'s region which was com- 


UD 
menced at the University of Colorado by a study of the Ca 
and Cn Lsotopes. on" has 24 protons and a closed shell 
of 28 neutrons with the 4 protons which are outside of the 


closed shell being in the f-_,,'s state. 


The experiment was a by observing the decay 
of Mn>* with two scintillation gamma-ray spectrometers in 
coincidence gating a 200 channel pulse-height analyzer. A 
concurrent study of Wee was conducted by another group at 
the University of Colorado using a U2 7 double-focusing 
beta-ray spectrometer. The energies of the more prominent 
transitions reported here were measured by internal and 
external conversion in the beta-ray spectrometer. These 


latter results were consistent with those of the scintilla- 


tion studies. 





A revised decay scheme was constructed with the addi- 
tion of three new upper levels at 3.614 Mev with a spin of 
5 or 6, 3.74 and 3.832 Mev the spin of which is uncertain. 
Nine new gamma rays are being reported in addition to the 
three main transitions and annihilation quanta gamma ray 
previously reported. 

From an analysis of the intensities of these gamma rays 
the EC/S8+ ratio was recalculated to be 1.50 instead of approx- 
imately 2 as has been consistently reported heretofore. 
Apparent reasons for this anomaly are also discussed. 

This investigation was made during a 9 month period 
commencing in August of 1960. There were 411 separate runs 
of all types made on the gamma-ray scintillation spectrometer 
in support of this research. Of the runs which were analyzed 
for gamma ray content and for their respective intensities, 
10 were made on the large single crystal spectrometer and 29 
were made on the double crystal coincidence spectrometer. 19 
of the 29 were of the Spectrum of those gamma rays in coin- 
cidence with the 1.43 Mev gamma ray. 5 of the 29 were of the 
0.935 Mev coincidence spectrum, and the remaining 5 were of 
the 0.744 Mev spectrum. 

In Chapter 2 the history of Ge" is discussed briefly, 
and the experimental method used to obtain the above results 
is given in Chapter 3. The technique used to analyze the data 
obtained in the scintillation studies is presented in Chapter 
4, while the compilation of the results and the construction 
of the revised decay scheme is given in Chapter 5. Chapter 
6 contains a discussion of the implications of this new decay 
scheme in the theory of even-even nuclei with emphasis on the 


Eo /5 nucleon region. 
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CHArIER® 2 
A History of the Gav Isotope 


There are a number of ways in which a history such as 
this could be presented. Since this chapter is meant only 
to give a survey of the increase in knowledge of the iso- 
tope it was thought that a chronological table would be the 
most appropriate form in that all of the facts could be 
assimilated at a glance. Table I outlines this history. 
Some literature concerning even-even nuclei is also listed 
as a matter of interest. Table II lists reaction studies 
which give the energy of the first excited state of Oe 

Fig. 1 displays the decay scheme of Mn? as of April 
1961. Of particular interest is the firm establishment of 
the ground state of aie as 6+, Ps ¥2% and the primary decay 
sequence being 6+(8+) 6+(7) 4+(7) 2+(7) OF. The energy 
levels are those reported by Mazari et Ale except for the 
one at 3.109 Mev which was assigned by Konijn et al.” The 
Spin assignments to the triplet states between the 3.109 
and 2.369 Mev levels as well as the possible spins of the 
3.161 Mev level were assigned by Van Pace ae This decay 
scheme does not reflect the results of Katoh et al” who re- 
ported new levels and transitions in December 1960 since 
there was a delay in receipt of their Japanese journal. 


The results of Katoh et al will be discussed in detail in 


Chapter 6. 
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CHAPTER 3 


EXPERIMENTAL METHOD 


3.1 Scintillation Spectroscopy 


Before commencing the description of the scintillation 
apparatus in particular, it may be helpful to discuss scin- 
tillation spectroscopy in general. There are several re- 
cent spageles 2" extant relative to the mechanism which 
produces the photons in the crystal as opposed to the general 
description of an "ionizing action" which is a little vague. 
A quantitative discussion of the mechanism would be out of 
place here but it is hoped that a brief qualitative discussion 
would prove to be interesting. 

There appears to be two model mechanisms which are major 
candidates for the excitation process: electron-hole pairs 
and excitons. Other effects were aones dena but their con- 
tribution seemed to be minor in comparison to these two. 

Sodium iodide being an ionic crystalline semiconductor 
has exciton bands, as well as a conduction band, and a per- 
iodic potential structure in Block's treatment. Excitons 
can be created and valence band electrons can be raised to 
the conduction band by Coulomb excitation from collision 
processes of the primary electrons which occur from gamma-ray 
photoelectric effect, Compton scattering, and pair production. 
The thallium ions, having a concentration of 0.1% in our 
ersginally, = have a greater ilonization potential than do the 
sodium ions which they replace and thus perform as attractive 
centers for any diffusing excited electrons. One of the diff- 
erences between electron-hole pairs and the exciton model is 


that the two are bound together in the exciton whereas they 
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are not in the pairs. Thus, a conduction electron can be 
captured by a thallium ion converting it to a ground state 
thallium atom. This atom can then capture a hole creating 
a thallium ion in an excited state and its subsequent de- 
excitation by a dipole transition creates the photons. The 
arrival of an exciton at the thallium activity center causes 
the same action except that the electron and hole arrive more 
or less simultaneously. Bekieaie gives the lifetime of an 
exciton as Ip seconds with a diffusion speed of 10) cn see 
(the speed of thermal electrons) and a resulting mean free 
path of Tome cnt 

Van Solinse Shows that the fluorescence of sodium 
iodide with thallium is much more pronounced at -190°C 
(liquid nitrogen) than at 20°C. A possible explanation being 
that at 20°C there is a slight lattice rearrangement near 
the activity site as a result of the presence of the excited 
ion creating a pronounced possibility of a non-radiative 
meensition’:. to the ground state. At -190°C this lattice 
rearrangement is retarded and the non-radiative transitions 
are greatly reduced necessitating the de-excitation process 
to be mainly radiative. 

The scintillation counter consists of three parts: a 
crystal phosphor, a photomultiplier tube, and the associated 
electronic circuitry. 1944 saw the first successful coupling 
of a scintillation phosphor to a photomultiplier tube to 
detect radiations. The rapid growth of this type of counter 
lies in the development of all three components. This in- 
terest centers mainly on scintillation phosphors as opposed 
to other types of detectors because of their: 

high sensitivity to gamma rays, 
wide range of physical size, 


c. response being proportional to the incident 
radiation, and 
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d. fast decay times. 

Scintillation spectrometers have an advantage over 
beta-ray spectrometers in that very low activity sources 
can be used for successful analysis. Sodium iodide crystals 
are hygroscopic and therefore are hermetically sealed. 

3.2 Source Preparation 

The supplier of the ee was the Nuclear Science and 
Engineering Corporation in Pittsburgh and the sources were 
produced by the (Cr + p) reaction. Chromium powder was 
irradiated and dissolved in H Cl. The resulting solution, 
containing iron carrier, is poured carefully into a mixture 
of NaOH and Br,. The chromium is oxidized to soluble chro- 


2 


mate, while the manganese is oxidized to MnO, and co-pre- 


cipitates with Fe(OH) ,. The Fe (OH) is Senha off and 
dissolved in H Cl. The entire process is repeated, then 
the iron is removed by an ion exchanger, leaving carrier- 
free Mines in the eluate. This eluate is evaporated to dry- 
ness and the residue is dissolved in about 0.5 N HCl. The 
radio-chemical purity was greater than 98%. The first source 
was received near the first of August 1960, the second on 
December 22, 1960 (30 mr/hr at 12"), and the third on March 
10, 1961 (90 mr/hr at 12")? Because of the chemical forn, 
the sources required no special preparation or separation 
and they were usable upon receipt. 

To standardize our procedure and reduce the number of 
variables as much as possible we investigated the energies 
of the beta particles of our manganese source, as well as 
those of all of the sources we intended to use for cali- 
bration, in order to calculate the optimum thickness of the 
bottom of a lucite singles bottle and the side of a lucite 


coincidence bottle. We desired to have the container thick 
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enough to stop nearly all beta particles but not so thick 
as to absorb too much energy of any weak gamma rays. Using 
the range-energy relationship for electrons of Katz and 
pemrold” 1t was determined that one-tenth of an inch of 
lucite for our windows would be sufficient. We proceeded 
to manufacture identical lucite source cups for our cali- 
bration sources and for the Ma source. 

3.3 Multi-channel Pulse Height Analyzer 

When a gamma ray of a given energy is converted inside 
of a scintillation crystal it can be completely absorbed by 
a photoelectric event or by creation of an electron-positron 
pair, or it can be partially absorbed by undergoing a Compton 
Scattering event. Thus, the output of an associated photo- 
multiplier tube can be a continuously varying series of 
pulses starting with a very small pulse denoting a small 
Compton event and ending at a large pulse denoting complete 
absorption of the gamma ray by a photoelectric event. 

The RIDL* 200 channel pulse height analyzer sorts this 
continuous series of pulses by size. For every input pulse 
accepted for analysis, the analog-to-digital converter 
generates a train of constant amplitude output pulses, the 
number of the pulses in this train being directly propor- 
tional to the amplitude of the input pulse. This pulse train 
is then processed by a digital computer, so that if the 
number of pulses in the train is N, one count will be stored 
in the memory at channel N. 

The elapsed time for this counting operation is given 
by (20 + 0.5N)u seconds and is called the "dead" time of the 


analyzer since the input channel to the analog-to-digital 


* Radiation Instrument Development Laboratory, Chicago, Ill. 
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converter is closed to incoming pulses until after the count- 
ing and storage operation has been completed. This dead time 
is indicated on a meter on the front of the analyzer and is 
given as percent of the analyzer's capacity to perform these 
operations. 

Strong sources, or sources which are placed too close to 
the scintillation crystal, provide enough counts per second 
to almost fully occupy the capacity of the analyzer to per- 
form. It was found that to have no distortion in the cathode- 
ray tube display it was necessary that the dead time be kept 
at 30% or below. 

Conversely, the length of time that the analyzer is 
capable of receiving pulses is the ‘live’ time. Experimental 
runs are measured in ‘live’ time as opposed to "elapsed" 
time since elapsed time would include the time the analyzer 
is computing and this cannot be used for absolute source 
activity measurements. This is because computing time 1s a 
function of pulse height whereas activity is not. Thus, when 
activities are compared, as for example the half-lives of 
isotopes, the live time of the analyzer is required in order 
to obviate each run having to be corrected for dead time 
later. In the Model 34-2 this is done automatically. 

The gain of the amplifier in the analyzer is the control 
by which the operator selects the voltage reference for cali- 
bration purposes. The cathode-ray tube displays one illumi- 
nated image point for each channel and these are numbered 
horizontally and consecutively. The height of each point from 
zero reflects the number of counts put in that channel. Thus, 
for the photo-peak, the statistical distribution of the size 
of the incoming pulses yields a normal distribution curve, 


and for a single gamma ray one sees such a curve on the 
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cathode-raytube. The energy corresponding to the channel 
at which the apex of this distribution curve is found is 
designated as the energy of the gamma ray (pulse distribu- 
tion) which caused it. 

The gamma-ray spectrometer is calibrated by using radio- 
active sources the energies of the gamma rays of which have 
been accurately measured such as age Nee. Gy Coa 
a . or The! ' (T1708) . The position of these known gamma- 
ray pulse distributions on the cathode-ray tube determines 
the "energy to channel number" relation used. Changing the 
analyzer gain moves the distribution to the left or right 
on the cathode-ray tube setting in a new energy to channel 
correspondence. A plot of the energy of the gamma rays of 
such sources versus the channel number position of each gamma 
ray yields a calibration curve such as seen in Fig. 15 of 
Appendix D. 

A gamma-ray scintillation spectrum is a superposition 
of many such distributions and for a complex nuclei of, Say, 
10 gamma rays it is the purpose of analysis (Chapter 4) to 
separate this conglomeration into an ordered, quantitative 
determination of the intensities and energies of all components. 
3.4 Singles Method 

The initial step in the analysis was to get an overall 
look at the gamma-ray spectrum and to attempt to arrive at 
some preliminary intensity figures. Fig. 2 is such a study 
which had a 1000 minute live time. To accomplish this we 
used a large single NaI(Tl) scintillation crystal in a circuit 
which drove the 200-channel pulse-height analyzer as shown in 
Fig. 3. We used a 3-3/4" x 3" crystal, factory mounted, to 
a 5075EX phototube of 5'' diameter. Although 3" phototubes 


were available (Dumont 6363 for example) an increase in 
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efficiency is realized by using larger phototubes to reduce 
edge aereoee. | The resolution of a crystal-photomultiplier 
combination is given by 

AE 


1 
Prk 
(ke eng jeer 


E resolution, 


(3555) 
where SE, is the width of the peak at half maximum and E is 
the peak ae we found the resolution of the (3-3/4" x 
3") crystal to be 12% using ee" although the factory pack- 
ing slip stated the resolution to be 9.1%. 

There was the usual background due to cosmic rays and 
Stray radiation and we reduced this by encasing the crystal 
in a lead house with 2" walls and 2-3/4" top. There was a 
7/8" hole in the roof over a tapered collimating opening in 
which we placed the source cup and since the source was out- 
side of the hole backscattering was eliminated. 

In addition to the source cup thickness we standardized 
the geometry further by having the bottom surface of the 
source cup, which was in contact with the liquid, lie in 
the plane of the top of the lead cover as shown in Fig. 3. 
All sources would then be 14 cm from the top of the large 
singles crystal. We considered this 14 cm position to be 
the "standard" or ‘normal’ geometry and a source to crystal 


distance of 30 cm. to be the “high' geometry. It is necessary 
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to have set geometries in order to have continuity through- 
out the investigation. Referring to equation A.1l of Appendix 
A the probability of a count in the photo-peak is Ms = 

EP & N, for a given gamma ray. The probability of a sum peak 


is then the product: 


No (E P 2 No) CEP 2 No), 


(2 NOR Ce) Sa, 2 (3.2) 


The relative intensity then of a sum peak to a real gamma ray 
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is Chen of the order of 8. When the source to crystal 
distance is doubled this relative intensity is decreased 
by a factor of 1/4. Thus, by doubling the distance from 
the source to the crystal relative contributions of real 
and sum gamma rays are easily seen as illustrated in Fig. 
Ze 

It was mentioned above that the background was reduced 
by enclosing the crystal in a lead house. It was not elim- 
inated, however, and the thorium in the lead bricks con- 
tributed its undesired spectrum along with other active 
elements. We ran a background for most runs just after, or 
before, a scheduled run thereby insuring a good match in 
analyzer calibration so that by subtracting the background 
from the run only the desired spectrum remained. 

Two difficulties were noticeable and only one of which 
was controllable. These presumably were saturation of the 
photo-cathode and/or space charge effect of the photo- 
tube and drift. Saturation and/or space charge effects are 
noticeable as non-linearity of the analyzer during calibra- 
Loni This was prevented by keeping the source strength 
limited to the point of having the 200-channel analyzer dead 
time be always under 30%. It appeared that 40% dead time was 
near the non-linearity threshold. 

Part of the drift problem was reduced by the replacement 
of a locally constructed, and rather old, high voltage supply 
by a highly stabilized (0-2999) volt one manufactured by the 
Fluke Company. This replacement not only allowed very long 
runs for the singles but also for the coincidence circuit 
since we used this supply for the coincidence phototubes also. 


This replacement did not eliminate other circuit caused drifts. 
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3.5 Variables in Scintillation Spectroscopy 

In gamma-ray scintillation spectroscopy there are many 
variables which affect the spectrum presentation on the 
cathode-ray tube of the pulse-height analyzer which is in 
turn a visual display of the data in the memory of the 
analyzer. These variables are: 

a. Variation of gamma-ray photo efficiency in the 

scintillation crystal with gamma-ray energy. 

b. Variation in shape of a gamma ray of a given 
energy with gain setting or channel of the pulse- 
height analyzer (PHA). 

c. Variation in shape of a gamma ray when this gamma 
ray 1s the sum of two other gamma rays. 

d. Variation in shape of a gamma ray of a given 
energy with variation in source to crystal distance. 

In practice, the last variation listed had relatively little 
effect compared to the magnitudes of the other three. 

The first type of variation depends on the material of 
which the scintillation crystal is made, the size and shape 
of the crystal, and the energy of the gamma ray. The fourth 
type of variation is normally included with this one but 
operationally it is easier to consider them as separate 
functions and treat this first variation by using a fixed 
source to crystal distance. 

Appendix A considers this first type of function, 
Appendix B considers the second type, while Appendix C con- 
Sidenm the third type. 

In practice, the first type of variation is reduced to 
a graph called an ‘Intrinsic Efficiency Curve" (See Figs. 11 
and 12, Appendix A). The use of these intrinsic efficiency 


curves is discussed in Chapter 4. It is unfortunate that 
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reliable curves of this type are not catalogued for various 
sized sodium iodide crystals and various source to crystal 
distances. Heath's catalogue’ lists curves but our large 
cryStal was not covered and the smaller crystals used in 

the coincidence circuit were difficult to interpolate. 
Miller and Sno” have made a detailed study of this effect 
by using a Monte Carlo calculation. Unfortunately they con- 
sidered cylindrical crystals whose height was twice the 
width. Our crystals had roughly the same height as width. 
Since the absorption is not linear, interpolation was im- 
possible. Therefore, one could not canpare their calculated 
results to our experimental results. We did compare Heath's 
experimental results to ours for the (2" x 2") crystal with 
fair agreement as seen in Appendix A, Fig. 12. 

The experimental procedure for obtaining the data for 
Appendix A was to put the largest gamma ray of standard 
calibration sources near channel 150 of the 200 channel PHA. 
This channel setting gave better statistics for the gamma- 
ray shape. We then analyzed these plotted results to obtain 
the relative intensities of the gamma rays present. (See 
Appendix A for details). The relative intensities were al- 
ready known from published data. We then compared these 
intensities and obtained ratios for the intrinsic efficiencies 
of 2 gamma rays. By assuming a value for the intrinsic 
efficiency of one gamma ray this ratio determined the value 
for the other gamma ray. A plot of these for all known gamma 
rays used should yield a smooth curve. The values assumed 
were adjusted until the best fit was obtained. The results 
are seen in Fig. 11 and Fig. 12 of Appendix A. 

3.6 Coincidence Method 


From the results of the single crystal method we should 
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have a complete spectrum of all of the gamma rays emitted by 
the nucleus. But, in order to construct a unified decay 
scheme it is necessary to obtain an ordering of the separate 
gamma rays. Of the various modes of decay available from 

the mother to the daughter nucleus, and of the various modes 
of de-excitation in cascade available in the daughter nucleus, 
only one mode for each occurs for any given decaying nucleus. 
By measuring as many of these modes as possible we can con- 
solidate these results and determine the relative probability 
for any one of them and thus arrive at a decay scheme. 

The experimental method of achieving this is the fast- 
Slow coincidence method. In this method we use two crystal 
counters instead of one as shown in Fig. 4. We require that 
one selected gamma ray enters counter #1 which is a (1-3/4" 

x 2") NaI(Tl) crystal, while all of the others associated 
with it are counted in detector #2 which is a (2" x 2") 
Nal(Tl) crystal. In order to differentiate between all of 
the various modes, the time available for the counting of the 
associated gamma rays entering detector #2 is limited by a 
fast coincidence circuit. 

There is always the possibility that gamma rays from two 
separate nuclei arrive at the counters at the same time and 
are counted. These are referred to as ‘chance’ coincidences 
and will be discussed later. 

Briefly the process is as follows. In the #1 circuit 
there is a single channel pulse-height analyzer (Model 302 
Universal Coincidence Circuit) the discriminator of which is 
set to pass only those pulse heights corresponding to our 
selected gamma ray. Pulses from counter #2 are amplified and 
then delayed by 3u secs before going to the PHA to compensate 
for the delay by the rest of the circuitry of the gate pulse. 
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When a gamma ray is absorbed in each crystal at the same 
time, then a pulse from each counter arrives at the fast coin- 
cidence circuit at nearly the same time. These pulses have 
a finite width and the fast coincidence circuit is designed 
to transmit a signal only if the two pulses arrive within 
the resolving time (21) of the circuit. If such a signal is 
transmitted, then, after amplification, it enters side #2 
of the slow coincidence circuit. If the gamma ray which 
entered crystal #1 is of the energy which was pre-set on the 
discriminator of the slow coincidence circuit, then its pulse 
combines with the fast coincidence signal to send a slow 
coincidence pulse to the 200 channel analyzer as a gating 
pulse. This allows the analyzer to record only the energies 
of those gamma rays which are in coincidence (same decay 
mode or cascade mode) with the preselected gamma ray. 

It was mentioned that the timing pulse used was taken 
directly from the anode of the photomultiplier. For these 
time measurements only the first few electrons of a pulse 
are waged The reason for this is that the decay time of 
the sodium iodide is 2.5 x 107! SERIE while the resolu- 
Elon Of OU COlncidence circule ws On seconds and all of 
the electrons can not be counted before a coincidence is 
measured. In addition, we only use the information that an 
event occurred and the leading edge of the pulse contains 
this. The rise times of the Hewlett-Packard 460AR wide band 
amplifiers in our circuit were rated at 3 x one seconds and 
each had a delay time of 14 x oe seconds thus insuring 
excellent response. 

The pulses do not arrive at the fast coincidence 
circuit at precisely the same time since there are statistical 


variations because of the crystal decay time and because 
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of delays incurred also in the phototube. 

RCA 6810A photomultiplier tubes were used in the two 
coincidence counters and the (2" x 2") crystal had a re- 
solution of 9% using ce inese iS OnesOtstme Lastest 
tubes snpacuiginles 2 except Lon pre-producrionwcacs lon pisoso— 
types, and for energy determination (in circuit #2) there 
is only one other tube iHigizad as having a slight edge in 
performance. Thus, this tube offered the optimum of those 
available. 

Fig. / displays the fast coincidence circuit of Wenzel 
A Rossi-type diode coincidencecircuit is preceded by a limit- 
er tube (Amperex E180F) in each channel to reduce pulse 
height sensitivity of this type of circuit as described in 
Wenzel's Bono ee The limiter tubes, normally conducting, 
are used to keep the coincidence circuit independent of the 
incoming pulse. All diodes are the G/7A type, since these 
are among the fastest in response. The D, diodes are pro- 
vided a bias which is adjusted so that each diode draws 
little current, about 1 ma, and is easily turned off. The 
negative input pulse is limited, the positive pulse is 
clipped in the plate circuit by the delay line preceding 
the diode, and then it turns off D, The other diode then 
carries all of the current of both so that the voltage on 
the plate line remains nearly constant. If both diodes 
are turned off, the plate voltage rises to Bt and a positive 
pulse is sent through the pulse-stretching diode D,, to a 
slow amplifier which acts also as a discriminator. Its grid 
is biased so that the single diode Dy cut-off pulse is not 
passed but the larger pulse from a double cut-off is 
amplified. 

There are many ways to determine the resolving time of 


such a circuit. This time amounts to twice the length of 
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time that one diode D, can be turned off, which is determined 
by the rise time of the pulse from the limiter tube and the 
amount of clipping used. Two pulses entering the two sides 
within this time are considered to be coincident. Of course, 
this can happen by chance wherein the two gamma rays are not 
in real coincidence at all. We employ precisely this idea to 
help determine the resolving time. 

First, consider using only one source of gamma rays. 
Attach the output of one crystal-phototube combination to 
both inputs of the coinciderme circuit and have its output, 
in turn, sent to a counter after appropriate amplification. 
The output will then be exactly coincident. Now put a 
variable delay line in one of the two input lines. As this 
delay is increased the number of counts stored per unit time 
decreases. If a plot is made of counts per unit time versus 
delay time, a gaussian peak results with the apex at zero 
delay cine, ot The resolving time is defined as the full 
width at half the maximum number of counts. Since the delay 
time is t and measured from the abscissa point under the maxi- 
mum, the resolving time is then 2t. 

Now, if a given source registers Ny counts per second, 
then there will be (21N,) of these counts stored within the 
time 2t. This, then, is the probability of these counts 
occurring. If we take two separate sources, then the proba- 
bility of their occurring at the same time is a product: 

(21N, ) (24N,) By definition we can say that the number of 
chance coincidences occurring within 2t is then (20ND which 


is equal to the above product, or: 


ote del? (3.2) 


One method we used to determine 2tT was to use two differ- 


ent sources, eee and og placed so that a lead shielding 
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between them exposed only one of them to one counter. Any 
coincidence counts observed with this geometry should be 
and N,. 


1 Z 
Thus, 2t was determined using equation (3.2). The result 


chances. By counting each separately we then got N 


Pao 2t “= 3.6 x ome seconds. 

As another check we used cous and put a delay line of 
215 my seconds in one side to get chance counts and used one 
Side of the circuit to register Ni, and the other side to 


get N The result was 2t = 5.0 x ome seconds. 


2° 
The relatively long half life of 5.7 days for Min did 
; 18 : 
not require special procedures to determine chances since 
the longest run made was only 3-1/2 days, and we assumed 
that the chance rate remained constant during the runs. 
From equation (3.2) we see that N.4 iS a4 function of the 


h 
source strength squared since both N, and N, are each a 


i 2 

function of the source strength. We thus must use as small 
a source strength as we can, yet enough to get good statis- 
tics. In practice, we found by making actual runs to get 
chances that, as long as we satisfied the 30% dead time re- 
quirement discussed earlier, the chances were negligible for 
the runs under consideration. 

The method of selecting the discriminator voltage settings 
on the slow coincidence circuit is discussed in Appendix D. 
This is critical for if the voltage window is too large then 
those gamma rays with energies in the vicinity of the desired 
one can also trigger the gate, and you then record the radia- 
tions in coincidence with them as well as those in coincidence 
with the desired one. As seen in the 1.43 Mev coincidence 
spectrum of Fig. 5, the 1.24 Mev and the 1.33 Mev gamma rays 
are very close to the 1.43 Mev line. For a considerable time 


we used a window which was too wide, giving us results which 


were impossible to resolve. When the window was narrowed down 
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to the point of selecting only small portions of the photo- 
peak, rather than all of it, we then began getting excellent 
results. 

We used an amplifier in the #1 counter circuit to in- 
crease the pulse height for the #1 discriminator. We found 
that the 6810A photomultiplier gave such a strong pulse out 
of the pre-amplifier that this pulse over-loaded the ampli- 
fier and gave us non-linear results. An attenuator placed 
in the line after the pre-amplifier corrected this. Inci- 
dentally, it is this high performance of the 6810A which 
allows us to take the pulse from the anode directly for the 
input to the wide band amplifiers. 

In addition to gamma rays whose photo-peaks are in the 
near vicinity of the selected gamma ray contributing to the 
triggering, the Compton effect of real gamma rays with 
energy larger than the selected one also yield pulses which 
can trigger the system. Fig. 8 and Fig. 9 are of the 0.935 
Mev and 0.744 Mev gamma-ray coincidence spectra, respectively, 
and they illustrate what a large contribution this Compton 
triggering can make. We selected a window size and positioned 
it to obtain the 0.935 Mev spectrum. We knew that the Compton 
pulses of the 1.43 Mev, 1.33 Mev, and 1.24 Mev gamma rays 
were all triggering the circuit allowing the 0.935 Mev gamma 
ray to enter counter #2 and be counted. The magnitude of 
this effect is seen by the presence of the 0.935 Mev gamma 
in itsS own spectrum. We positioned the window used just to 
the right of the 0.935 Mev gamma ray so that only these 
Compton pulses would trigger the circuit. We ran this second 
run under the same conditions of time, geometry, source 
Strength, etc., so that a superposition plot could be made. 


This plot is indicated in Fig. 8. Its subtraction then should 
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yield a close approximation to the true spectrum. In 
Chapter 4 this is discussed in more detail. 

This same effect is realized by the larger sum peaks 
of two real gamma rays triggering the circuit, We found, 


however, that this contributes a negligible amount. 
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CHAPTER 4 


Technique of Data Analysis and Error Analysis 


4.1 Singles Analysis 


The spectrum of any radioactive isotope as displayed 
on the cathode-ray tube of a multichannel pulse height 
analyzer is a locus of points the heights of which are de- 
pendent upon the number of counts stored in the memory of 
each channel. For complex nuclei each of the several gamma 
rays emitted has a total pulse height distribution (gamma- 
ray shape) dependent upon its energy, and this distribution 
is composed of photoelectric events, Compton events, and 
electron-positron pairs as discussed in Chapter 3 and 
Appendix B. Every channel then contains pulses of each 
type from many different gamma rays. In order to separate 
the total counts in each channel so as to determine quanti- 
tatively how many of the counts are the result of each of 
the different gamma rays a subtraction process is used. 

A calibration curve is made using known calibration 
sources. The isotope to be analyzed is used as a Source for 
a run and the results of this run are plotted. (See Fig. 2 
as an example.) Using the calibration curve the energies 
corresponding to the channel numbers of the obvious gamma 
rays on this plot are read off and assigned tentatively to 
each of the unknown gamma rays. An unknown gamma ray in the 
Spectrum which is prominent, and has relatively the highest 
energy, such as the 1.43 Mev gamma ray, is selected as the 
Starting point for this subtraction process. For thespresenu 
we will ignor any complicating effects such as sum peaks. 
Having chosen the 1.43 Mev gamma ray we must now take a known 


source which has a single gamma ray of this energy and, using 
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the analyzer, make a run such that this single gamma ray is 
at the same channel as the 1.43 Mev gamma ray. We do this in 
order to obtain the shape of a gamma ray having this energy 
using this particular equipment. 

In practice, this is impossible since such convenient 
isotopes are non-existent. It is necessary to use isotopes 
with gamma rays which are near the energy desired and also 
be rather prominent. To be most precise, it is best to get 
a larger and a smaller energy gamma ray to set at the chosen 
channel. A super position plot of one on the other such 
that their apexes match will allow an interpolation to be 
made using the three energies of 2 known calibration sources 
and the 1 known subject source. (For example, see the dash- 
ed curve gamma-ray shape in Fig. 13). 

In the particular case of wee we used aie with its 
1.53 Mev gamma ray as a subtraction gamma ray for the 1.43 
Mev gamma ray. The 1.28 gamma ray of Neea was used for the 
1.24 and 1.33 Mev gamma rays. Ho? having a 1.114 Mev gamma 
ray was used for the 0.935 Mev gamma ray. Soe has a 0.842 
Mev gamma ray which could be used both for the 0.935 Mev and 


the 0.744 Mev gamma rays. The 0.511 Mev gamma ray of Nace 


worked nicely for the annihilation quanta of Wen 

Having obtained the requisite subtraction curves the 
first step is to match the leading (right side) edge and the 
apexes of the gamma ray of eo to that of the 1.43 Mev gamma 
ray of vig oF The matching of the apexes and leading edge is 
the result of a basic assumption that all of the counts in 
these channels are due solely to a real gamma ray at that in- 
tensity and we wish to take all of it out. Later we will see 
that after this is done and the entire subtraction process 


is completed this original assumption is changed and various 





34 


contributions are used to arrive at a more realistic in- 
tensity. The entire shape of the re curve is traced on the 
original drawing of sae The value of each point of the 
ne curve 1S sibtracted, channel by channel, from the value 
of the point on the Mn?“ curve yielding a difference curve. 
(See Fig. 5 for details, since that drawing is very illus- 
trative). The leading edge of the next prominent gamma ray 
that appears is of the 1.33 Mev gamma. Using the appropriate 
energy related curve we uSe the same technique obtaining a 
second difference curve with the 1.24 Mev gamma ray now the 
prominent gamma ray to be taken out. In this fashion, the 
totality of points in any one channel is distributed among 
various gamma rays according to what contribution each 
apparently made to this total. 

The shape of the gamma ray used for subtraction is 
therefore a very critical matter since the presence of low 
intensity gamma rays can be lost if due regard is not given. 
This subtlety is seen in the shape of the points defining 
the 1.06 and 0.63 Mev gamma rays in Fig. 6. Using this 
method gamma rays of the order of 1% of the intensity of 
the 1.43 Mev gamma ray were clearly identified. 

The relative intensities are computed by using equation 
A.3 of Appendix A. Table [II below illustrates such a com- 


putation. 
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TABLE IIL. sample data for the calculation of relative 
intensities for 3-3p4" x 3" Nal(Tl) crystal 


at 14 cm. 

y -Ray Peak Half Intrinsic Relative 
Energy Height Widths Efficiency Product Intensity 

(Counts) EO..1..43 

6 7 Mev 

43 Poo xv ey 43 Io 2 = 10 100% 
35 3.1% 10° 2.36 Sa 1.6 x yee 
Mae 3.9% 10° 2.25 62 1.41 x 10' 87.7% 


One complication to this process is the occurrence of 
a sum peak at or near the channel at which a gamma ray to be 
taken out is positioned. The problem is to determine how 
much of the heights of these points are due to the sum peak 
and how much are due to the real gamma ray. As mentioned 
earlier a change in source to crystal distance will reduce 
the sum peak contribution. An alternate method which is 
applicable in some cases is to find another sum peak on the 
original drawing. (See Appendix D for the shape of a sum 
peak). After the entire analysis has been finished, multi- 


ply the product of the derived areas (h W, experimental) of 


each of the gamma rays contributing to mee sum by a constant, 
K, and set this total product equal to the area (h Wy ex- 
perimental) of the sum peak. This computation derives from 
the probability of 2 events occurring at the same time, It is 
the product of their individual probabilities. This constant, 
K, thus determined can, in turn be used to calculate the area 
(h Wy) of the desired sum peak. The appropriate Gas this 
sum peak is approximately the square root of the sum of the 


squares of the half widths of the two real gamma rays involved. 


In general, this method is not satisfactory if the constant, 
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K, is derived for sum peaks not appearing on the original 
drawing. A study was initiated in the course of this ex- 
periment to obtain a relationship between this sum peak 
constant and the crystal-geometry combination employed but 
no definitive results were realized. 

4.2 Coincidence Analysis 

It was mentioned in Chapter 3 that the gating discrim- 
inator can be triggered by Compton event pulses of real 
gamma rays which are larger than the one selected as ref- 
erence or these pulses can be the result of two real gamma 
rays entering the crystal at the same time causing a sum 
peak distribution. Fig. 8 shows the contribution of this 
effect plotted as a dashed line. The technique used to ob- 
tain this curve was discussed in Chapter 3. The contribution 
to the 1.43 Mev gamma ray in this Figure is clearly seen. 
This entire curve is subtracted from the original data to 
yleld the first difference curve as shown by the solid 
circles. It is seen that the entire 0.935 Mev gamma ray has 
been removed since ideally it should not appear in its own 
coincidence spectrum. The process is now the same from here 
on for this run as for the singles technique described in 
paragraph 4.1. 

This technique has the advantage that it firmly estab- 
lishes the contribution to the complete curve by the Compton 
contributions. A detailed analysis should yield the gamma 
rays in coincidence with the 0.935 Mev gamma ray in their 
true intensities. A possible drawback is that this bulk 
subtraction may cause some weak gamma rays to be missed 
since this is an approximation. In Fig. 8 the 0.847 Mev 
gamma ray can be seen as the difference between the solid 


circles and the Compton of the 1.43 Mev subtraction curve. 
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But, the approximation fails sometimes since a little to the 
right of channel 120 one obtains negative numbers if one 
were to be literal with the technique. 

In the absence of a convenient flat Compton expanse on 
the high side of the selected gamma ray on which to set the 
discriminator, as in the case of the 0.935 Mev gamma ray, one 
must try to construct such a total Compton contribution. 
Fig. 9 displays the 0.744 Mev coincidence spectrum in which 
this very situation exists. The dashed curve is one which 
was constructed. The original data curve is the result of 
the true 0./44 Mev coincidence spectrum as well as the coin- 
cidence spectra of the 0.935, 1.24, 1.33, and 1.43 Mev gamma 
rays in proportion to their intensities in the 0.744 Mev 
region near channels 80 - 90. It was necessary to construct 
a coincidence spectrum for each of these gamma rays unless 
one already was available. This was necessary only in the 
case of the 1.24 Mev gamma ray. Figs. 5, 6, and 8 were the 
curves available for the others. 

To construct the 1.24 Mev coincidence spectrum it, too, 
was the result of higher energy Compton triggering by the 
1,33 and 1.43 Mev gamma rays. From an estimated decay scheme 
sequence based on data already derived, it was assumed what 
a pure 1.24 Mev spectrum would look like. Compton contribu- 
tions were judiciously added by adding the 1.33 and 1.43 Mev 
cOlncidence spectra. 

These four spectra of 0.935, 1.24, 1.33, and 1.43 Mev 
gamma rays were now combined to yield an estimated Compton 
contribution. The dashed curve of Fig. 9 is the result. 
Subtracting it from the original data yielded the solid 
circle curve which in turn was analyzed in detail. It can 
be seen how the 0.744 Mev gamma ray was removed from its 


coincidence run by this process. 
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4.3 Error Analysis 

It is impossible to assign quantitative errors to any 
intensities derived by this technique which are based on 
quantitative systematics of the apparatus since the bulk of 
the error is qualitative in origin. The intrinsic efficiency 
curves themselves have errors in them which stem from the 
effects to be discussed presently. But, for any given 
energy, the scale on the intrinsic efficiency curve ordinate 
is expanded enough so that the error resulting from a small 
vertical displacement of the curves is under 2%. The basis 
for this figure results from a calculation of the relative 
intensity of the 0.935 Mev gamma ray to that of the 1.43 Mev 
gamma ray uSing both the 14 cm and 30 cm curves. The diff- 
erence was only 4%. An estimated deviation of the 14 cm 
line could be at most one-half of this. 

The major contributions to the error of this technique 
are listed below: 

a. Having an imperfect knowledge of the shape of sub- 
traction gamma rays, and not having such a curve for each 
specific energy required for a specific isotope ; 

b. The multiple subtraction process which generates 
cumulative errors at each subtraction since the scale on the 
log paper is of a size such that only the first three sig- 
nificant figures can be used regardless of the magnitude of 
the number of counts in a channel (For instance, a small 
change of 500 counts is a significant contribution but when 
it is subtracted from a 65,000 count peak the difference is 
barely discernable. Thus, low energy gamma rays, i.e. 0./0 
Mev and under in wine of low intensities are not reported 
with much positiveness. However, the higher the energy of a 


gamma ray the fewer subtractions were required to obtain it 


and hence its intensity is more Certain); 
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c. The Compton triggering of the gating circuit, as 
discussed previously, generates manifold problems which are 
impossible or at best extremely difficult to surmount and 
then they are only partially allayed, 

d. Drifts were experienced but the magnitude was 
slight. (In the present experiment the longest run made was 
of the 1.33 Mev coincidence which had a 5000 minute live 
time duration. The total drift was 5 channels all of which 
occurred in the last 1000 minutes and the spectrum was 
easily corrected by re-adding the last 1000 minutes at the 
proper channels. Fig. 6 demonstrates that long runs can 
yield excellent results. In fact, it was this run which 
allowed the scintillation spectroscopy group to display the 
0.346 Mev gamma ray which was not possible in any of the 
other runs. The beta-ray spectrometer group found this 
gamma ray early in their experiment.) ; 

e. The error in reading the energy from the calibration 
curve is estimated at + 0.01 Mev and this is based upon an 
error of + 1 channel in reading the gamma ray position from 
the plot ( The gross variations in the energies assigned to 
gamma rays in the figures result from the gross errors dis- 


cussed in a., b., and c. above and not from the misreading 


‘ 
Opeene Calibrataon curve Or 1€S inherent er uozs.) 

In summary, the errors assigned to the gamma ray inten- 
sities as found in these scintillation studies were the re- 
sult of using a simple arithmetic average and taking the 


root-mean-square deviation as the error. 
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CHAPTER 5 


Experimental Results and Level Scheme Assignment 


5.1 Single Crystal Gamma-Ray Spectrometer 


The single crystal studies performed at the beginning 
of the experiment allowed us to get an overall view of the 
“ine decay spectrum. Fig. 2 presents the typical singles 
spectrum and this particular run had a live time of 1000 
minutes. Because of the complexity of this spectrum only 
2 of the gamma rays of second or third order magnitude in- 
tensity relative to the 1.43 Mev gamma ray are shown, i.e. 
1.24 and 1.33 Mev. The change in height of the gamma rays 
between channels 100 and 160 as the source to crystal 
distance is changed indicates that these are sum peaks. It 
also indicates that no real gamma rays exist in this area 
of any appreciable magnitude. 

The sum peaks for 1.24 + 1.43 Mev and 1.33 + 1.43 Mev 
gamma rays were calculated and are shown as 2.6/7 and 2.76 
Mev respectively. Their sum has been subtracted from the 
original data and it appears that a real gamma ray may exist 
of 2.65 Mev energy with a relative intensity of 0.08% of the 
1.43 Mev gamma ray. 

Table IV presents the results of the large single 
crystal runs and the errors assigned are rms although the 
uncertainty is actually of the order of 10%. The important 
result shown there is that the intensities of the 0.935 and 
0.744 Mev gamma rays are not the same as that of the 1.43 
Mev gamma ray as has been consistently reported in the 


literature prior to this experiment. 
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5.2 Double Crystal Coincidence Spectrometer 
The value of the coincidence method lies in its ability 


to eliminate background, to separate cascade sequences and 
thus to relatively intensify real gamma rays, and to help de- 
termine cascade sequences. Fig. 5 shows the spectrum in 
coincidence with the 1.43 Mev gamma ray and it was a 4000 
minute live time study. Since this is the ground state 
transition, all gamma rays in cascade should appear in this 
figure. Because of analysis difficulties of low energy gamma 
rays, their presence there could not be seen. Of particular 
interest is the manifest appearance of 3 orders of magnitude 
of intensity of gamma rays. The first order being the 0.935, 
0.744, and 0.511 Mev gamma rays. The second order being the 
1.33, 1.24, and 0.84 Mev gamma rays. The third order being 
the 1.18, 1.0/7, and the 0.59 Mev gamma rays. The third 

order gamma rays are dashed in Fig. 5 to indicate that they 
were weak. The 1.43 Mev gamma ray appears there because of 
Compton triggering by higher energy sum peaks. The magni- 
tudes of those gamma rays in coincidence with the 1.43 Mev 
gamma ray are listed in Table V. 

A substantial amount of information was derived from the 
0.935 and 0.744 Mev coincidence experiments. Fig. 8, a 2000 
minute live time run of the 0.935 Mev coincidence spectrun, 
demonstrates clearly that the 1.24 Mev gamma ray is in 
cascade with the 0.935 Mev gamma ray. The 1.24 Mev gamma ray 
being seen in the 0.935 Mev spectrum and not in the 0./44 
Mev spectrum established the new level at 3.614 Mev. The 
absence of the 1.33 and 1.18 Mev gamma rays shows that either 
these are not in coincidence with the 0.935 Mev gamma ray or 
that they are very weak. [It turned out that the 1.33 Mev 


gamma ray was not in coincidence, and the 1.18 Mev gamma ray 
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might have been present but it was too weak to find. In 
other analyzed runs of this type, the following gamma rays 
were clearly present: 1.0/7, 0.847, and 0.63 Mev. This is 
in addition to the first order magnitude transitions. It 
will be shown later that these three gamma rays helped to 
establish the three new energy levels in this isotope. 

The presence of the 1.0/7 and 0.847 Mev gamma rays in coin- 
cidence with the 0.935 Mev gamma ray implies the existence 
of a 0.398 Mev gamma ray as a transition between the known 
levels of 2.766 and 2.369 Mev but it was not seen. Table 


LV shows the results of these 0.935 Mev coincidence runs. 
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5.3 Revised Decay Scheme of wines 


The revised decay scheme of ies 


? 


as determined from 
the results of this experiment, is presented in Fig. 10. In 
the following discussion of the different coincidence runs 
made and the arguments leading to the establishment of the 
three new upper levels, specific reference to this figure 
will not be made but this reference is implied throughout. 
Only 2 of the 3 new levels are shown since one of the levels 
(3.74 Mev) was determined by only 1 gamma ray, and this was 
considered to be only weak evidence for a new level. 

Fig. 9, a 1OOO minute live time run of the 0.744 Mev 
coincidence spectrum, does not show the very important gamma 
ray of 0.63 Mev energy although it appeared in 2 analyzed 
runs of this type. Since this gamma ray appears in the 1.43, 
0.935, and 0.744 Mev coincidence runs, this implies that it 
feeds the level from which the 0./44 Mev gamma ray issues. 
This then establishes a possible new level in the decay scheme 
at 3.74 Mev. Table IV also displays the results of the 0./44 
Mey coincidence runs. 

The presence of the 3.74 Mev level would yield tran- 
sitions also to states other than the 3.112 Mev. We would 
then expect to see the following gamma rays (all Mev and 
followed by the respective level): 0.77 (2.97); 0.97 (2.77); 
moo (2.65); 1.37 (2.37); and 2.31 (1.43). It 1s intereseun 
to note that in each case, except that of the 2.31, the gamma 
ray is near the energy of a more intense gamma ray already 
listed and therefore they would not be discernable. It is 
clearly seen in Fig. 2 that if a gamma ray exists of energy 
greater than 1.43 it would not be strong and almost impossible 
to detect with scintillation methods and thus the 2.31 Mev, 


mepliaexises, is weak. 
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The spectrum of those gamma rays in coincidence with 
the 1.33 Mev gamma ray are shown in Fig. 6. It ran for 
5000 minutes live time. This was the most fruitful and 
interesting run of them all. It alone clearly showed the 
0.346 Mev gamma ray. The 1.07 Mev gamma ray seen in Fig. 

6 established a new level at 3.832 Mev which was supported 
by the beta-ray spectrometer group's finding of the 1.46 
and 1.21 Mev internally converted electrons. The 1.21 Mev 
transition was masked in our scintillation studies by the 
more dominent 1.24 Mev gamma ray, and the 1.46 Mev was 
lost in the leading edge of the 1.43 Mev main transition. 
This is an excellent illustration of the utility of using 
both types of experimental methods, gamma-ray and beta-ray 
Spectrometers, since they can support each other so well. 
The 1.21 Mev transition coupled with the 1.138 Mev tran- 
sition seen in the 1.43 Mev gamma ray spectrum support the 
level assignment at 3.832 Mev. The 1.46 Mev transition 
also supports the existence of this level. 

A series of coincidence runs were made which were de- 
Signed to display those gamma rays which were feeding the 
(4+) level at 2.369 Mev. The results of this study support- 
ed this revised decay scheme since the following gamma rays 
appeared to be present besides the 0./44 and 0.511 Mev gamma 
Maye: 1524, 1.0/7, 0.847,. 0.630, and 0240s Mey. 

The final results of the studies of both the gamma-ray 
and beta-ray spectrometer groups is given in Table VI. Of 
Significant interest are the weighted averages of the gamma 
rays and converted electrons seen. Previously the main 
transition gamma rays were reported as having equal inten- 
Sities. We have found that the intensities of the 0.935, 


0.744, and 0.511 Mev gamma rays have intensities of 87.1%, 
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84.0%, and 65.5% respectively. It is emphasized that the 
energies given are those derived by the beta-ray spectro- 


meter group. 


5.4 Comparison of Results of this Paper 
Recently Katoh et ales reported their determination of 


the values of the energy levels of Ca also using gamma- 
ray and beta-ray spectroscopy. Table VII and VIII list the 


results of the three latest independent studies concerning 
cr 


TABLE VII. Ener Levels of Cr>* (All Kev) 





Mazari et al.? Univ. of Colo. Proposed Katoh et alt 
and Konijn Beta-Ray Additions® 
et al. | Spectrometer 

- 3831.7 + 2.0 | - - 

- - | 3800 + 20 | - 

- 3740 £ 20 - 

- 3613.8 + 0.5 - - 













- | - 3480 + 20 - 
3161 + 8. : : : 
3109 + 7. (EOS 0s : 3119.6 + OLSEN 
2965 - - 





23/2.8 £ Ome | 
1434.7 + Oa 
a. See Chapter 6 for details. 
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TABLE Wail. Comparison of Energy Values of the Main 
Transition Gamma Rays of cr? 


Uniw.. sof “Golo: 


Katoh et ale Beta-Ray Spectrometer 
1434.7 + 0.8 33.0 2 O24 
Soot O04 259 eb U4 
746.8 + 0.2 743.8 + 0.3 


It is seen in Table VII that the present work agrees 
well with the results of Mazari et a and Konijn et al. 
Since Mazari et al. used the (p,p') reaction in their de- 
terminations they observed low spin states in areas where 
the decay process is not involved and hence the reason for 
the blanks in the ‘Univ. of Colo.' column of Table VII. 

Also apparent is the wide diversity (3 Kev in two cases 

and 1 Kev in another case) in the Katoh et al. results from 
those in the first two columns. An explanation of a possible 
reason for this is that from the drawings of their beta-ray 
Spectrometer it appears that they used a solid iron core in 
their magnet and used magnet current as a field strength 
indicator. It is believed that at high field strengths they 
experienced saturation in this core giving non-linear re- 
sults making their calibrations inaccurate. To obviate this 
the beta-ray spectrometer used in these studies was designed 
with coils in the center instead of an iron core. 

Some other variations occurred between their results and 
the results of this paper and an explanation for these could 
be: 

a. The Katoh et al. group used a 20 channel pulse- 
height analyzer and, hence, did not have the statistical 
weight in their spectra that is afforded by a 200 channel 


analyzer. 





ple 

b. In their spectrum analysis the 2 gamma-ray 
pulse-height distribution was used to extract the 1.43 Mev 
gamma-ray contribution. We found that this energy 
difference is excessive and does not yield accurate results. 

c. They reported the 3 main transition gamma rays as 
having equal intensity and our results clearly show that 
this 1s not the case. 
5.5 Log ft Values for the Revised Decay Scheme 

In order to help in the discussion of spins in the 
proposed decay scheme, the log ft values are listed in 
Table IX for the energy levels indicated. They were calcu- 
lated by using Moszkowski's ROMO. and computing the 
theoretical (EC/p+) ratio. The calculation of this ratio 
was performed by finding the (K/ft) meee for ae and 
then adding appropriate “ans! for the L and higher shells. 


The final formula used was: 
L e L ip 
EC _ K Ly 2 ee ( i (¥ } 
—= = + — — ({( —— \+( = = 
ear a K Nok ( Ly / K ; i) (5.1) 
which gave the result: 


K 
3 me ee (5.2) 


Having the net feeding of a level and the (EC/£+) ratio we 
can then obtain the log ft value for either the EC or the pt 


transitions. 





oy 


TABLE IX. Log ft Values for Mn?2 — cr°? 


- 





Feeding 


energetically 





prohibited 






energetically 






prohibited 





The 3.614 and 3.832 Mev levels have log ft values which are 
commensurate with allowed electron capture and this could 
have spins and parities of 5+, 6+, or 7+. Since they both 
seem to feed 4+ levels, it seems more likely that the spins 
and parities are 5+ or 6+ rather than 7+. The 3.74 Mev 
level has a log ft value which is suitable for £-forbidden 
or first forbidden which could yield 5+, 6+, or 7+. The 
0.630 Mev which established this level feeds the 6+ level 
at 3.112 Mev and other levels very weakly if at all. This 
could indicate that this level has a spin and parity of 7+. 
The log ft value for the 3.112 Mev level shows it is an 
allowed transition which is consistent with previously pub- 
lished results. It has been clearly established that this 
level of orks is 6(+) and that the ground state of ne is 
also 6(+), (See Table 1). 





By 
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CHAPTER 6 


Discussion of Results 


mele Branching Ratios of Mn>* Deca 





The consistency of the previously reported values of 


EC/B+ for the decay ee ne is seen in Table X. 


TABLE X. Branching Ratios of Mn?* = cr?* 


—— Ee Ds awe ee — 











Investigator Branching ratio reported 








Good, Peaslee EC/B+ = 1) S6emony 
and Deutsch* 
Sa EC/e+ = 2.01 + 0.22 


Konijn et ales EC/Bt ="1299 4 0 0G ites 


|| EC/B = 203) a0 0 GaGa ora) 
present | EC (1 ale 50 


a. W. M. Good, D. Peaslee, and M. Deutsch, Phys. 
Revyeo7, 313 ae 
De wkee (Sehr, 94. i ea 71> 85239 s 
Gee. KOnLjn, 6. Van ijn, and H. L. Hagedoorn, 
Fiystea, 24, 377 pee ayer 
The apparent reason for this anomaly is that the previous 
investigators relied on the published data of the decay 
sequence being 6+ (f+) 6+ (vy) 4 + (vy) 2 + () OF to the 
exclusion of all other modes of decay and de-excitation 
since no other such experimentally found modes had been 
reported. We will calculate the EC/f+ ratio in two differ- 
ent ways. One way yielding results consistent with those 
previously reported, and another way yielding the results 
reported in this paper. 


The EC/B+ can be calculated by using: 


EG 2 (net feeding) aoaea 
a+ E+ (Gea) 
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By using only the intensity of the 0.744 Mev as the net 
feeding it is similar to assuming that only this transition 
is involved in the cascade between 3.112 and 2.369 Mev 
levels as was the case in earlier experiments. Konijn et 
a Juliano et A and El Bedewi and Tacheoe all list 
meas (337%) and EC as (67%) for this decay. Then usmme 


Ly 744 as 100% in equation (6.1) we find: 


15() ya oYomeemme ci 
ot aa 2.03 (6.2) 


The above assumption yields a result consistent with the 
results shown in Table X. However, from Tables V and VI 
meecet 0.744 Mev (84.0%), 0.630 Mev (3.32%), 0-51) Mev 
(65.5%), and 0.346 Mev (0.9%). The level at 3.74 Mev is 
not shown on the decay scheme, but it is assumed to be the 
source of the 0.630 Mev transition to the 3.112 Mev level. 
The decay scheme also does not show the consequences of 
such a new level since the 52% electron capture specified 
would then be decreased in intensity by the amount of the 
intensity of this 0.63 Mev gamma ray of 3%. The percent 

of electron capture decay to the 3.112 Mev level would then 
be 49%. It is important to note here that, although the 
electron capture decay to the 3.112 Mev level apparently 

is decreased, the positron decay remains about the same at 
roughly 33%. This is because the positron decay threshold 
is at 3.684 Mev and for the 3 new levels considered in this 
paper it is energetically impossible for positron decay to 
the 3.74 or the 3.832 Mev levels and very improbable for the 
3.614 Mev level. Thus, this revised decay scheme only 
changes the electron capture contribution to the branching 


ratio. Again using equation (6.1) we now get: 


BCs, (84:0) 0. 9S eee ee eee 


Bt 1/2 ose) (6.3) 





3)S: 
Thus, the results of this experiment give EC/f+ = 1.50 as 


opposed to about 2.0 as has been previously reported. 


6.2 The Results of Hausman et al Compared to Those of 


Mazari et Ales 


In 1952 Hausman et al. reported the results of their 
reaction study on 6x? of 8 Mev (p,p'). Referring to Table 
II in Chapter 2 we see that their reaction energy was the 
highest for a study of the levels of this isotope since the 
El Bedewi and Tadros report gave only the first excited 
State energy. It would be expected then that their experi- 
ment should yield states of higher energy than any of the 
other studies since they could surmount higher energy thres- 
holds. Although Hausman et al. did assign three energy 
levels to their resonance peaks, they hesitated to assign 
any more but suggested that a designated few might be those 
of ae Since all of the others were apparently identified 
as those of the backing material, etc. They did not list 
the energies of these resonances but only presented a draw- 
ing with peaks indicated by letters. The values of the 
energies of the inelastically scattered protons suggested 
as being those of ae were taken from this drawing and are 
shown in Table XI. It is admitted that this is a question- 
able procedure, but it did lead to interesting results. The 


levels were calculated by using: 


L 
Q=E, (1 +t “3) - E, (1 - awe (MJE)M,E,)* cos @ (6.4) 
wh Mh M 


ih 
where: 1 refers to the bombarding proton (8 Mev), 
3 was taken as the Scattered proton, and 


7s 
4 was taken as cr? : 





oo 





DG 


The resmlting equation used for Table XI is: 


L 
Q= 1.02 E, - 7.84 + 0.0942 (E,)* (6.5) 
where: E. is the energy of the inelastically scattered 
pDEOEON:. 


TABLE XI. Ener Levels of cr? from Hausman vet Pe: 





Level Levels Levels Levels of 
Assignments Calculated Adjusted Mazari et aa 
(Mev) Q to Mazari et al. 





De 
4. 
4. 
4. 
4. 
4. 
oe 
57. 


Oo WW WwW Ww Dh DP DN 


a. Listed by Way et Ai on p. 40 as 3.46 Mev while 
beos 1s not listed therein ae alle 
There was a noticeable difference between the energies given 
by Mazari et al. and those calculated. It was thought that 
the method of using equation (6.4) was in error. Reference 
was made to the energies given by Mazari et al., and their 
levels were calculated using (6.4) and ( 6 = 90°) >. able 
XII shows the results and the error was considered as being 


reasonable. The final equation used for Table XII is: 


Q = 1, 029H yo o.8e (6.6) 
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TABLE XII. Calculation of Levels Given by Mazari et al. 


ae Levels Levels 
(Mev) Calculated Neg henenl 
Q (Mev) (Mev) 
OeZ6 0.03 0.00 
4.88 ene) i) 
oo LD2 Tike eT | 
S270) Zeon ZO 
Seal Ze Za J 
Se re) Bis)s Z.90 
9 oe Se kG 


Since the use of equation (6.4) then seemed in order, 
the divergence of the calculated Q's in Table XI from those 
of Mazari et al. was inexplicable. Noting that equation 
(6.5) contained a very small quadratic term, it was reasoned 
that perhaps it would be close to linearity over a limited 
range. If a linear plot of energy level (Q) versus scattered 
proton energy were to be made then perhaps a constant factor 
difference could be found to fit Hausman's results to Mazari's 
in order to find how well they matched. The linear plot was 
made of the calculated Q's in column three of Table XI. 
Taking those levels assigned by Hausman et al. as points of 
reference, their positions were adjusted vertically downward 
so as to fall on the values of Mazari et al. Through these 
three points a straight line was drawn. The Q values listed 
in column 4 of Table XI are the result. Even though the 
method employed is somewhat questionable it is seen that 
agreement with the results of Mazari et al. is very nice. 
The original line through the calculated Q's before adjust- 
ment was indeed linear which supported the original assumption 


about the size of the quadratic term being small. The lines 
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were not parallel as was supposed but were closer at the 
high level end implying that there is a functional and not 
a constant difference as is easily seen by using a slide 
rule and Table XI. The net result of this was the finding 
of two apparently new levels at 3.51 +4 0.03 and 3.83 + 0.03 
with relatively low spin states since they resulted from a 
particle study. 
6.3 The Results of Katoh et Ai? and ieee 

Recently Katoh et al. reported results of a study of 


the decay of Mies the isomeric state at 5.098 Mev, or 


0.390 Mev higher than the ground state of whee They report 
the spin of this level as (2+) or (3+) which is consistent 
with other aaeniles — Some of their other results have been 
discussed in Chapter 5. 

(They also reported seeing gamma rays of 1.33 and 1.2 
Mev at intensities estimated at 5% and 3% respectively in 
coincidence with the 1.43 Mev gamma ray. These apparently 
me the 1332.0 + 1.0 Kev (5.8 + 0.8%) and the 1245.6 + 0.4 
Kev (6.2 + 1.3%) reported in this paper which supports our 
findings. However, they reported a very weak gamma ray of 


1.73 Mev energy in their singles runs. But, from our 


studies as shown in Fig. 2 it appears that this 1./3 Mev 
gamma ray is spurious.) 

Their results of the decay of ines included the follow- 
iemeammea rays: 1,52 (27%), 1.37 (missing ~))) Pls (2) 
(3%), 0.94 (4%), and 0.70 (3%) all Mev. The main decay path 
is via the emission of a 2.63 Mev positron to the (2+) level 
at 1.43 Mev (90%). In order to fit these resulting gamma 
rays into the levels reported by Mazari et al., Katoh et al. 
suggested that a new level was necessary at 3.6/7 Mev. In this 


decay scheme there are apparent misfits in energy of as much 


as 0.06 Mev. 
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6.4 Proposed Decay Scheme of Mn? 2™ 


Recalling that possible low spin states might be 
present at 3.51 and 3.83 Mev from the report of Hausman 
et al. it was attempted to fit these levels with the 
isomeric decay gamma rays reported by Katoh et al. Fig. 
16 is such a decay scheme. The 1.02 and 1.15 Mev gamma 
rays were positioned such that if the 3.83 Mev were a (2+) 
State then either of these transitions to a (4+) or a (0+) 
state is probable. These energy levels did not give too 
good a fit, and the errors assigned to them were used as 
lower limits at which the levels could be put for a best 
fit. Thus, the levels in Fig. 16 were assigned the values 
of 3.48 and 3.80 Mev. The number in parenthesis is the 
energy difference between levels for comparison purposes. 
The dashed gamma rays are those expected to be seen in order 
to complete the cascades to the ground state but which were 
not reported as having been seen. 

Using the intensities as given by Katoh et al. the 
log ft values for the levels involved were calculated by 
the use of Moszkowski's nomogram and equation (5.2). The 


results are given in Table XIII. 


TABLE XIII. Log ft Values for Woot cr°? 
= fc 


| etsta| oe | ne 
OWE - tj; 
3% 7 - 4..40(1.9%) 






2h 7 5.46(1.6%) - 
5.40 (88%) - 


It is seen that the log ft value for the 1.434 level is of 


the order for an allowed transition which is consistent with 





00 


known experimental results. The log ft values for the 

3.80 and the 3.48 Mev levels appear to be low which probably 
means that the intensities given by Katoh et al. were a 
little high. However, it would seem that if these tran- 
Sitions were allowed then spins and parities for them both 
could be (1+), (2+), or (3+). Because of the split feeding 
of a 4+ and a O+ level, the 2+ assignment seems best for 

the 3.80 Mev level. Since a 0.83 Mev gamma ray was not ree 
ported, then the 3.48 Mev level might best be 3+ since the 
2.65 Mev level is not populated from this state. 

The level at 2.965 Mev has been tentatively assigned 
the spin and parity of (2+) by Van Patter. The log ft 
values indicate that the decay to the 2.965 Mev level could 
be an allowed transition to yield either (1+), (2+), or (3+) 
for spin and parity and therefore this data could support 
the assignment of Van Patter of (2+). 

ests Seen in Fig. lo that the 3.635032 /4 ane 204 
Mev levels are apparently not populated as would be expected. 
It is interesting also to note that the 3.161 Mev level is 
not populated in either the vies or the aon decay. An 
explanation of this could be that it is a negative parity 


state and hence requires a first forbidden beta branch. 


6.5 yore cr°? Beta Decay 


K. Way et le suggested a possible experiment with vo 
as a means of determining which of the oe levels are in- 
deed 2+. The ground state of ies is 2+ and allowed beta- 
decay transitions would populate the 2+ levels of Cre most 
strongly. This investigation is presently underway using 
98% chemically pure ey irradiated by thermal neutrons from 


a Ra-Be source enclosed in a paraffin box. Ag yet, no 


definitive results can be reported. 
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6.6 Theoretical Points of Interest 

The pure vibrational eae c erie of an even-even nucleus 
is characterized by bands of states separated by energy gaps. 
The sequence being: ground state (0+); first excited state 
(2+); second, third, and fourth excited states in a band with 
some arrangement of (0+, 2+, and 4+); and the fifth through 
ninth excited states in a higher band of spin and parity 
Mo 2+, BT Gt, 61) not respectively. A pure rotational 
band on the other hand is characterized by quadrupole tran- 
Sitions and a level sequence up from the ground state of 
(O+, 2+, 4+, 6+) in a ladder type diagram but the energy 
gaps between levels are much smaller than those for the vib- 
rational spectrum. The rotational spectrum results from 
nuclei possessing a nonspherical equilibrium shape giving 
rise to a spectrum like that of a polar molecule (dumbbell). 
The closed shell nuclei possess spherical eeulayeiaa: 0 
oma thus can be described by the addition of a harmonic 
oscillator term to the Hamiltonian. Spherical symmetry 
allows the maximum interplay of short range nuclear cohesive 
forces thus yielding vibrations of high frequency and large 
energy gaps in the spectrum. When nuclei have unfilled 
shells the intrinsic forces of the closed shell core are not 
as effective on the nucleons in the outer shell and the 
iaaecemw tne mumber in this until ledesiell on mrd-eanee 
between closed shells, the less effective are these forces. 
These excess nucleons generate the nuclear deformation and 
their asymmetric motion can tend to polarize the closed shell 
core giving rise to higher values of deformation than expected. 
The large moment of inertia attendent to large nonspherical 
equilibrium shapes allows smaller values of angular momentum 


to arise from energy quanta. Thus, the nuclei with many 





62 
nucleons in this unfilled shell should display almost pure 
rotational spectra and the nuclei with the larger A showing 
smaller energy gaps. This is seen to be the case for the 
Mee A~190 and A>222 Pa For the 40<A<150 region this 
latter effect 1s not pronounced and large deformations do 
not occur. 

A criterion to tell if a given nucleus would possess a 
rotational spectrum was calculated by Temmer and Hey denne mae 
They took the rough criterion given by Bohr and Mottelson 
that a rotational spectrum should have a correspondence to 
Cae J(J + 1) n“/21) and they calculated, for a rotational spec- 
Gimme the energy of the first excited state to be: 


9.22 x 10> 


il 
1S Cay.) aed 
ee 


Kev (6.7) 
ie AS ee .48 
Man Nooljn et al. investigated Ti ', which has 2 
protons outside of a closed shell and 2 neutron holes, and 


found its levels and parities to be: 


0-936. 0-003 Ls 
+ 
Bit 2. 000.005 4 Gn WS) 
52240) t20 20m 4, 
3340 + 505006 6+ 


They calculated the criterion for this isotope to get E("24) 
< 1.46 Mev and concluded that ioe must have rotational level 
Spacing since E(12+) was 0.986 Mev. However, it must be re- 
called that rotational spectra are usually seen only in iso- 
topes of 150<A<190 and is not to be expected in isotopes of 
A ~ 48. A calculation for the case of oe yielded E(+2+4) < 
1.28 Mev and cr?? has £(12+) = 1.433 Mev it would appear that 


a vibrational spectrum would be favored. A comparison of 


their energies normalized to the first excited state shows: 
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usp okt 25 
1.00 2+ 1.00 
Dae + iI G2 
3.29 4+ 1.93 
3.39 6+ 2.17 


These results show a marked difference and one wonders at the 
connection between the Temmer and Heydenburg criterion (if it 
is applicable for A~50) and the above table. 

An interesting experiment to compare this result with is 
to investigate the levels of irae since it has 2 protons and 
2 neutrons outside of a closed shell. In addition, a com- 
parison of ae with all of these would yield valuable in- 
formation since ove has 4 excess nucleons (neutrons), qe 
has 4 excess nucleons (protons) and Tit* has 4 excess 
nucleons (2 protons and 2 neutrons). Using equation 6.7 
again for one to see what results, the criteria yield 
E (12+) < 1.75 Mev for a rotational spectrum. Since B(12+) 
= 1.16 Mev for this isotope it appears that it would have a 
rotational spectrum too if the criterion is applicable. 

Niediaeew presents a graph of energy of the first odd- 
parity state as a function of the mass number A. He states 
that Wie? maar has found the first odd-parity state of even- 
even nuclei to have predominantly a spin of 3 and appear near 
the line 
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E ~ 3/4 Mev (6.8) 


(a semi-empirical formula which is used to describe the separa- 
tion of two mass parabolas in even A nuclei). Alder et Aly 
state that the odd parity collective vibrations of lowest 
energy are expected to be of octupole character (I = 3). In 
even-even nuclei this is the one phonon excitation. The two 


phonon excitation of octupole vibrations give rise to states 
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Peewee er. Gt. and 6T, ae which is magic-magic has 


feo msotate at 3./3 Mev. tO has a 3= state at 4.21 Mev ang 


fase’ has a 3- state 


it has 2 holes and 2 excess protons. C 
at 2.42 Mev and it has 8 protons outside of a closed shell 
Sie50 and could be expected to yield a spectrum similar £o 
that of Ge ines level ato oato le Meyedn Ore has been 
tentatively assigned the spins and parities of (1-, 2-, 3-) 
lem reasons already given. The energy level falls nearly 
Seeene Line given in equation 6.8. Systematically it 
appears then that the 3.161 Mev could be the first odd 


parity state of Gee 


Im conelusion, it appears that the spectrum of Gee 
1s not a pure j-j coupling spectrum, nor is it a pure 
weerational Spectrum, nor 1s if a pure rotational spectrum 
Fechner, if is a very complex combination of several effecus 
Meme unis Lime there iS active interest in ’ereatiane a2 


model to explain such nuclel as one 
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APPENDIX A 
Construction of Intrinsic Efficiency Curves for Nal(Tl) Crystals 

Consider a monoenergetic gamma-ray source. It has a 
given emitted flux at any known time. Of the total number 
of gamma rays emitted, only a small fraction lie in the solid 
angle subtended by the crystal and are absorbed by it. This 
fraction is called ‘total absolute efficiency.'' Of the gamma- 
ray energy converted into photons in the crystal only another 
small fraction fall under the photoelectric effect curve. 

The area under the full curve of counts versus pulse 
height is proportional to the total number of distinct gamma 
rays that were transformed in the crystal and is thus pro- 
portional to the probability of the event occurring. If a 
spectrum contains only two gamma rays, then the ratio of 
their two total areas is a measure of the relative probabil- 
ity of the events occurring and is thus a measure of the 
relative intensity of these two radiations. 

The ratio of the area under an ideal photoelectric 
effect peak to the total area is a constant for a given 
crystal and gamma ray. For instance, Table A-I shows such a 
relationship for 2 different NaI(Tl) crystals used in the 


Nuclear Physics Laboratory, University of Colorado. 


TABLE A-I. Photoelectric peak area/total area ratios. 
Source y-Ray Geb 3) (3-3/4" x 3") 
Mev 
cst3/ 0.661 0.502 0.522 
Go" lly, 0.326 0.394 
Na“? 1.28 0.292 0.324 


In general, we see that a larger crystal allows more of the 
Compton effect photons to be recovered, thereby increasing 


the ratio. 
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In practice it is much easier to measure the height 
and width of the photo-peak area than the area of the total. 
Thus, we seek a way of comparing the relative intensity of 
gamma rays by comparing the areas of their photo-peaks. The 


relationship used is: 


aon ePwun. (A.1) 


where (1) s is the number of Me in the photoelectric peak. 
(2) € is the total efficiency for source used. 
(3) P is the ratio of photo-peak area/total area. 
(4) Nis the total flux of Me from the source. 
(5) & is the solid angle subtended by the crystal. 

We usually plot the number of counts or gamma rays 
versus channel number on semi-log paper thereby converting 
the gaussian curve of standard distribution of the photo 
peak into a parabola. We then use the width at one half 
maximum as the width of a rectangle whose height is that of 
the apex of the parabola of the photo-peak. Then ue = g) i 
is the area of the photo-peak and also a measure of the 


probability of the gamma ray occurring. Then, using (A.1), 


h W, 
N = 
OF cai, (A.2) 
is a measure of the true intensity of gamma ray Ys: Since 


(é.) is difficult to obtain we can use the relative inten- 


sities of two different gamma rays appearing in the same 


nucleus. 
N 
“1 (h Wy), /CEP), 
"oy Ch Wi) 5/CE P), (A.3) 


The quantity (e P), is called the "total intrinsic 


efficiency’ of the gamma ray-crystal-geometry used. Since 
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the solid angle cancelled out it will be a parameter for the 


curve. Let us denote this by a(l). Then 


1 Gh Wy), 0(2) 
il ——————EE 
mee Ch Wy, a) (A.4) 


To implement this result we use the relative intensity 


of two gamma rays from their published decay schemes. Then 


a3) = constant (A.5) 


is determined by analyzing known sources, to find the appro- 
priate h and Wi, with the larger gamma ray placed near 
channel 150 on the analyzer so as to obtain optimum statis- 
tics. Then to obtain a curve of intrinsic efficiency versus 
gamma-ray energy we assume a value for a(l) in equation 
(A.5) in order to determine a(2) for one isotope which 
yields two points for the curve. Each isotope used yields 
two points for each unique combination of gamma rays. The 
assumed values are readjusted until all of the points for 
the various isotopes used fall in a rather smooth curve. 
Some representative relative intensities using published data 


are shown in Table A-II. 


TABLE A-II, Relative Intensities of Selected Gamma Rays. 


Mev 
age 
mo | 
easy 
1.33 





ioe 
E-4 
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Table A-III below displays the ratio a(2)/a(1l) for the 


indicated sources which were used to construct Fig. ll. 


TABLE A-IIIL.Relative intrinsic Efficiencies of known gamma 


rays for a (3-3/4 x 3") Nal(T1) crystal. 


a(0.511)_ Wola a(0.885) _ 
ae 7 1-76 | 33 Cos! aa oe 


aOr25) a 






a(0.986) _ 1.46 
a(1.32) 


a(0.511) 
a(1.32) 





Fig. 12 was constructed from a similar table for a (2" x 2") 


crystal as shown in Table AlVbelow. 


TABLE A-IV. Relative intrinsic efficiencies of known gamma 
rays for a (2° x 2") Nal(Tl) crystal. 


Source to crystal distance 
a 
Source 


a(1.28 
s(05i1) 7 9-355 


1-1/2'"' Source to crystal distance 









a(2.18 
2(0-694) 





[aD 


In Fig. 11 the 40 cm line was positioned relative to the 
experimental 14 cm line by analysis of Heath's curves. The 
30 cm line was then interpolated into position. In Fig. 12 
the 1'' and 1-1/2" are experimental results and the 3" line 


was extrapolated again based on Heath's work. 
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APPENDLX B 
Variation in Shape of a Gamma Ray as a Function of Analyzer 


Gain or Channel Number 


Miller and Snow have shown that theoretical calcula- 
tions of the gamma-ray absorption process have reached a 
state as to be able to fit the experimentally determined 
gamma-ray pulse height spectrum quite nicely. Practically 
speaking, 1t is necessary to have at hand during spectrum 
analysis a catalogue of gamma rays of various energies, and 
each of these positioned and plotted for convenient channel 
increments. With the above calculations performed we now 
have a technique to construct such catalogues appropriate 
for selected crystals and geometries. 

It is found that as the multi-channel pulse height 
analyzer gain is changed the pictorial presentation of the 
gamma-ray shape also changes. The gamma-ray photo-peak 
broadens as the gain is increased and the gamma-ray photo- 
peak is moved to the right, toward higher channel numbers. 
Fig. 13 illustrates this change for the Tee isotope using a 
(3-3/4" x 3") NaI(Tl) crystal at 14 cm source to crystal 
distance. This effect is due to the resolution of the 
Spectrometer being determined primarily by the crystal- 
photomultiplier tube combination and is a constant for a 
gamma ray of a given energy. The definition of resolution, 
equation (3.1), shows that as the amplifier gain is changed 
the resolution is not changed since the resolution is in- 
dependent of this effect. This can be seen graphically by 
reference to Fig. 15, showing an analyzer calibration curve. 
First, select any gamma-ray energy on the ordinate and also 


aAk centered on this selected energy. Since this re- 


1 
lationship is constant, draw two imaginary horizontal lines 


from the ends of A FE, /2 to intersect the analyzer 
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calibration curve. As the analyzer gain is changed so does 
the slope of this intersected portion of the curve. The 
slope decreases as the gain is increased and a given energy 
point is moved to the right. The two parallel lines inter- 
cept an increasing number of channels as the slope is de- 
creased which indicates peak broadening. There is no 
apparent remedy for this. The effect is, however, that in 
the subtraction process during analysis (Chapter 4) precise 
curves are needed for precise subtraction. For each possible 
gain setting a complete catalogue of sample gamma-ray shapes 
1S required. For continuity, just as set geometries are re- 
quired to eliminate some variables, set gains are required 
so that a catalogue of gamma ray shapes can be made and 
used throughout the analysis. 

During the progress of the experiment such a catalogue 
was made for our equipment, although it was extremely modest 
im Size. 

Early in the experiment it was thought that the Compton 
distribution was flat from the crest of the leading edge all 
the way to the left. Observation of poe with its relatively 
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uncluttered spectrum, Mn’ , » and plates in the literature 
yielded convincing evidence that there was a slight drop off 
to the left as seen in the analyzed coincideme drawings in 
the body of this paper. An effort was made to use all of 

the appropriate standard calibration sources available in 
order to construct the above mentioned catalogue. Each 
source was positioned at various channels (gain) and plotted. 
We then had a record of variation in shape of one isotope's 
curves as a function of gain, which yielded the variation 


in gamma-ray shape (at a constant channel) as a function of 


energy. The dashed curve in Fig. 13 indicates how inter- 
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polation can be used to obtain a desired gamma-ray curve for 
a specific channel if none is at hand. 


With this study as background we made a catalogue of 


im | vf 


curves for the set gains used in this experiment. It is 
felt that this contributes a great deal to the accuracy and 


reproducibility of this analytical technique. 





APPENDIX C 


Variation in Shape of a Gamma Ray when it is the Sum of Two 
Other Gamma Rays. 


On page 3-6 it was mentioned that source to crystal 
distance had a marked effect on the contribution of sum 
peaks to a spectrum. However, the possibility exists that 
choice of geometry may not be one of the luxuries available 
to the investigator and a detailed knowledge of the shape 
of a sum peak may be extremely useful. It was suggested 
that such an investigation be undertaken. Again the magni- 
tude of the inquiry was small but the results were very 
satisfying. Nees was selected because of its prominent 
annihilation peak and the separation in energy of the two 
main gamma rays indicated that their sum peak at 1./9 Mev 
would be relatively isolated. Three runs were analyzed and 
the results shown in Fig. 14. Restriction of page size de- 
manded that the two peaks of .511 Mev and 1.28 Mev not be 
shown in order to allow the sum peak to be made larger. A 
Superposition of a Ke (1.53 Mev) gamma-ray curve is shown 
to indicate the type of variation existing. It is seen that 
the Compton effect leading edge is very much inflated and 
the photo-peak reduced. 

It is known that real gamma rays of high energy have a 
small (peak/total area) ratio (See Heath's Catalogue) as does 
this sum peak. But, the visible difference between these two 
curves arises from a narrowed half width, and a higher Compton 
in the sum peak curve. The Compton leading edge has taken on 
an almost circular shape. It is assumed that the Compton con- 
tribution drops slightly as the energy is decreased as do the 


real gamma rays. 
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A possible explanation of these effects might be that 
two small gamma rays undergoing photoelectric processes 
have the half widths appropriate to their energies, and the 
fact that these processes occur at different sites in the 
crystal essentially yields a superposition of two separate 
gamma-ray spectra. Since the resolution is a constant, then 
this superposition of smaller half widths could be expected 
to yield a narrower photo-peak. Also, since the Compton 
processes are distributed between two sites, and the crystal 
has a greater intrinsic efficiency for smaller gamma rays, 
the efficiency of the crystal for these two simultaneous 
processes is much higher than for Compton events from a gamma 
ray of energy equalling their sum, which yields the observed 


inflated Compton distribution. 





APPENDIX D 


Calibration Procedure for the Model 302 Universal Coincidence 





eircuit. 


As discussed in paragraph 3.5, the calibration procedure 
for the gating discriminator is one of the most critical 
steps in the coincidence experiments. Chapter 5 lists the 
energies of the gamma rays seen in Mn?* as found by the 
beta-ray spectrometer research group. These energies are 
close to the energies originally reported by the beta-ray 
Spectrometer group early in the experiment. Having rela- 
tively good values for the energies of the first order gamma 
rays of this isotope early in the experiment, we had the 
option of using internal calibration of our instruments for 
the gamma-ray spectrometer, or external calibration using 
known calibration sources. Fig. 15 shows a calibration 
curve uSing internal calibration. Regardless of whether 
external or internal cal ibration is used the procedure to be 
discussed is unchanged. Fig. 15 is for illustration purposes 
only and the discriminator voltages listed were not used in 
any experiment. 

The analyzer calibration curve is made by setting the 
200-channel pulse-height analyzer at an appropriate gain such 
that the desired energy range is covered by the 200 channels. 
Then the #2 counter is used to record coincidence-singles at 
this gain setting and geometry desired. Assuming that this 
Singles run has been plotted, it is desired that the area 
between channels 130 and 150 be investigated with the center 
being at channel 140. This area could contain a gamma ray or 
any interesting portion of the plotted spectrum desired to be 
investigated. The energy on the ordinate shows channel 140 


to correspond to 1.90 Mev. 
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The Model 302 coincidence circuit is now switched from 
‘upper-lower' discriminators selection to ‘lower-battery 
bias" discriminator setting. The former is a differential 
discriminator setting which allows two discriminators to be 
set independently to define the voltage window. The latter 
is an integral discriminator using the lower level dis- 
criminator but the upper discriminator grid is biased 
relative to that of the lower by a battery so that a con- 
Stant window is had as the lower level discriminator is 
used as a single channel pulse-height analyzer. We found 
that a voltage bias of 1-1/2 volts was optimum since small 
peaks were then well defined. 

The output of this single channel PHA is fed into a 
scaler. To find the position of the first order gamma rays 
of our isotope (Mn? in this case) we set the discriminator 
high so that few counts are recorded. We then pass down 
the voltage scale until the change of the counting rate 
indicates a definite leading edge of a gamma-ray pulse 
distribution. A voltage in this area is selected as refer- 
ence and the counts are recorded for 5 or 10 seconds, de- 
pending on the source strength. The discriminator is then 
reduced by 1-1/2 volts to a new setting and a count is made 
and recorded. This is continued until the maximum of the 
peak is clearly passed. The energy in this illustrative case 
is 1.43 Mev and the peak has its center at 33-1/2 volts. The 
abscissa of Fig. 15 is now relabeled to read volts and this 
point of 1.43 Mev at 33-1/2 volts is plotted thereon. This 
process is continued with the result that 0.935 Mev centers 
at 21-1/2 volts, 0.744 Mev centers at 17 volts, and the 
annihilation quanta of 0.511 Mev centers at 11-1/2 volts. 
This curve is drawn and extended passed the 1.90 Mev area in 


which we are interested. 
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The plotted spectrum of the #2 counter shows that the 
area of interest has upper and lower energies of 1.78 Mev to 
2.04 Mev. These energies are drawn on the discriminator 
curve and found to be from 41.5 volts to 48.0 volts. 

The differential discriminators are now used and these 
voltages are set in them. 

This procedure is obvious and not at all difficult to 
perform. It allows the investigator to choose the area to 
be investigated precisely and to set the discriminators 
just as precisely. The discriminator itself can drift as a 
result of variation in room temperature, or the amplifier 
which feeds this discriminator can drift. Both effects are 
possible sources of Serious error and room temperature 


stabilization is necessary for precise work. 
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